Rice yellow dwarf (RYD) and sugarcane white leaf (SCWL) phytoplasmas have extrachromosomal DNAs. We isolated, by sucrose density gradient centrifugation, small DNA molecules from RYD phytoplasma, which hybridized with a cloned extrachromosomal DNA fragment of the RYD phytoplasma. The isolated molecules occurred in both circular and linear forms, and their size was estimated to be about 3.8kb. Inverse PCR method showed that the extrachromosomal DNA of SCWL phytoplasma, which was about 2.7kb, has a circular form in planta. HindIII-digests of extrachromosomal DNAs of both RYD phytoplasma and HindIII or EcoRI-digests of extrachromosomal DNAs of SCWL phytoplasma showed polymorphism among isolates collected within a single field. Hybridization tests indicated that extrachromosomal DNAs of RYD and SCWL phytoplasmas shared a considerable nucleotide sequence homology, but little homology with those of sesame phyllody phytoplasma and aster yellowstype Phytoplasmas.
INTRODUCTION
More than 300 diseases affecting more than 200 genera of plants have been shown to be caused by phytoplasmas (mycoplasma-like organisms [MLOs]) worldwide10). In East and Southeast Asia, there are several phytoplasma diseases in gramineous plants, such as rice yellow dwarf (RYD) and sugarcane white leaf (SCWL), which are characterized by leaf chlorosis and proliferation of tillers10,15). The RYD phytoplasma, transmitted by green rice leafhoppers, Nephotettix cincticeps, N. virescens, and N. nigropictus, is prevalent in most rice-growing countries in Asia19). The SCWL phytoplasma, transmitted by the leafhopper Matsumuratettix hiroglyphicus causes severe losses in Thailand21). We reported that phytoplasma of a RYD isolate collected at Otawara, Tochigi, Japan (RYD-To) harbored extrachromosomal DNAs, of which random fragments were cloned in Escherichia coli13). DNAs hybridizing with DNA probes derived from the extrachromosomal DNAs are ubiquitous in RYD phytoplasma isolates from various locations in Japan, Thailand, and Philippines14). Extrachromosomal DNA was also found in a Thai isolate of the SCWL phytoplasma6,12).
Existence of plasmids or extrachromosomal DNAs has been reported in several phytoplasmas and other mollicutes2-5,7-9,18,23). Information on physical or biological properties of extrachromosomal DNAs of phytoplasmas are in insufficient for understanding their role at the molecular level. In the present study, we demonstrate that purified extrachromosomal DNA of RYD-To phytoplasma is circular and can be differentiated by Southern hybridization from extrachromosomal DNAs of RYD phytoplasma isolates from several other locations in Japan, Thailand and Philippines. We also investigated the conformation and variability of extrachromosomal DNA of an isolate of SCWL phytoplasma from Khon Kaen, Thailand. In the light of this information, relatedness of extrachromosomal DNAs in major phytoplasmas in Asia is discussed.
MATERIALS AND METHODS

Sources of phytoplasmas.
In addition to RYDTo, five RYD isolates, RYD-T-N, RYD-T-Ya, RYD-T-K, RYD-T-U, RYD-T-Yu were collected at Nishinasuno, Yaita, Kamikawachi, Ujiie, and Yuzukami in Tochigi Prefecture, respectively14). RYD-N and RYD-K were provided by the Nagano Plant Protection Office and the Kagoshima Agriculture Experiment Station, respectively. Philippine isolates of RYD phytoplasma (RYD-Ph) and rice orange leaf (ROL) phytoplasma were provided by the International Rice Research Institute (IRRI), the Philippines, and a Thai line (RYD-Th) by the Department of Agriculture, Thailand. The RYD-To and RYD- Electron microscopy of extrachromosomal DNA of RYD phytoplasma Under an electron microscope, DNA appeared as circular or linear strands (Fig. 2) . The length distribution of circular DNA strands had a major peak at 1173 nm (Fig. 3A) . That of linear DNA strands had a wide peak also at 1173nm. These results indicated that the linear DNAs consisted of a complex of double-nicked extrachromosomal DNAs and degraded ones during extraction and purification processes. By using plasmid Bluescript (Stratagene, 2961bp) as the standard, extrachromosomal DNA molecule in the peak was estimated as 3.8kb.
Differentiation of extrachromosomal DNA of RYD phytoplasma Patterns of HindIII-digests of DNAs from RYD phytoplasma isolates from Japan, Thailand, and the Philippines were compared by Southern hybridization (Fig. 4 ). There were no differences in the patterns of fragmented chromosomal DNAs that hybridized with probes R9 (Fig. 4A ). There were also no recognizable difference in the electrophoretic mobility of DNA bands that hybridized with other chromosomal DNA probes R12, R26, or R30 (data not shown). On the other hand, patterns of fragmented extrachromosomal DNAs or RYD phytoplasma isolates that hybridized with probes R32 and R72 were diverse (Fig. 4B, C) . Furthermore, the electrophoretic mobility of each fragment was variable among RYD phytoplasma isolates collected even from one small paddy field (about 100m2) in Yuzukami, Tochigi, Japan (Fig. 5) .
Extrachromosomal DNA of SCWL phytoplasma Cloned DNA fragments of extrachromosomal DNAs from SCWL phytoplasma were used12). Partial sequencing of the cloned DNA fragment S1 (about 2650bp) indicated that the G+C content was less than 30% (data not shown). By utilizing the inverse PCR method, we obtained a DNA fragment of about 130bp from one end of the S1 to the other end of the fragment (data not shown), suggesting that the extrachromosomal DNA of SCWL phytoplasma is circular with a size of about 2.7 kb. Variation in extrachromosomal DNA was observed also among SCWL phytoplasma isolates collected in one field (about 100m2) at Khon Kaen, Thailand (Fig. 6) . Table 1 . DNAs from plants infected with RYD-To, RYD-Th, SCWL, BraWL, DacWL, and BGWL phytoplasma, all of which develop chlorosis and/or white leaf symptoms including profused tillering in infected plants12,15), hybridized invariably with SCWL extrachromosomal probe S1 and showed strong signals. On the other hand, the reaction of SCWL, BraWL, and DacWL to RYD extrachromosomal probe R32 was inconsistent, while that of RYD-To, RYD-Th, and BGWL was consistently positive. DNA from SP phytoplasma-infected plants (Fig. 7A, B) . DNA fragments a and c of RYD-Th phytoplasmas and DNA fragments x, y of SCWL phytoplasmas hybridized with the SCWL extrachromosomal DNA probe S1 (Fig. 7C ).
DISCUSSION
We showed that some cloned DNA probes reacted with low-molecular-weight DNAs of RYD phytoplasma13, 14) , and cloned extrachromosomal DNA fragments hybridized strongly with the covalently closed circular DNA fraction of RYD phytoplasma obtained by EtBr-CsCl gradient centrifugation14). Extrachromosomal DNA was found in a phytoplasma associated with a SCWL isolate in Thailand6,12). Cloned fragments of the isolate hybridized not only with SCWL isolates but also with other phytoplasmas associated with white leaf/ chlorosis symptoms of gramineous plants including RYD phytoplasma12). Klingkorn and Seemuller reported that the extrachromosomal DNA of SCWL phytoplasma shows a closed circular form based on two-dimensional electrophoresis6).
In this report, extrachromosomal DNA of RYD-To phytoplasma was circular and was about 3.8kb in size, indicating that the extrachromosomal DNA of RYD phytoplasmas may be a plasmid. On the other hand, inverse PCR confirmed that the extrachromosomal DNA of the SCWL phytoplasma was also circular and about 2.7kb in size. Dot hybridization indicated that the extrachromosomal DNAs of RYD, SCWL, and other phytoplasmas associated with white leaf diseases of gramineous plants were related to each other, and different from extrachromosomal DNAs of phytoplasmas associated with other types of symptoms. ROL, OY, and PWB phytoplasmas in Asia have extrachromosomal DNAs which were related to that of AY phytoplasma in USA, but the extrachromosomal DNA of the SP phytoplasma is different from all of the others. Extrachromosomal DNAs of GWB phytoplasma is not known. These results are in agreement with the available information on the genetic and phylogenetic relationships among phytoplasmas16,17). Sequence analyses for the coding assignment of extrachromosomal DNAs of RYD and SCWL phytoplasmas are under way.
Our previous studies showed that undigestedextrachromosomal DNAs of RYD phytoplasmas varied in their electrophoretic behavior14). In the study, HindIII-digests of extrachromosomal DNAs of RYD phytoplasma that hybridized with probes R32 and R72 showed polymorphism in their electrophoretic behavior, whereas chromosomal DNA of RYD phytoplasma did not show any variation among isolates tested. Furthermore, the hybridization pattern of fragmented extrachromosomal DNAs showed polymorphism among RYD phytoplasma isolates collected even in a small rice field. Extrachromosomal DNAs of SCWL phytoplasma were also polymorphic among isolates collected from a single field. These results indicated that extrachromosomal DNAs of phytoplasma have a wide variation. It is known that viral genomes, such as the smallest fragment of rice dwarf phytoreovirus genome and satellite RNA of cucumber mosaic cucumovirus, collected in a small field are polymorphic1,11). Small molecules associated with viruses and microorganisms, including phytoplasmas, may multiply rapidly and accumulate various sequences as far as they remain functional.
Although the role of extrachromosomal DNAs of RYD and SCWL phytoplasmas is unknown, the DNA may, however, be involved in some important biological functions. All the phytoplasma isolates collected from Japan, Thailand, and the Philippines harbor extrachromosomal DNAs with high sequence homology to each other. These molecules may play an important role in the pathogenesis, as in case of some plant and animal pathogenic bacteria20). Denes and Sinha5) suggested that extrachromosomal DNA of clover phyllody phytoplasma played a certain role in its transmission by insect vectors. Further studies are needed to clarify the function of the extrachromosomal DNAs associated with RYD and SCWL phytoplasmas.
